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Chapter 1 Introduction 
1.1? Overview 
?????????????????????????????????????????????????????????????????????????????????
???????????????? ??????? ??? ???? ???????? ??? ?????? ?????????? ????? ????? ???? ??????? ???????
??????????? ????????? ??????????? ??????? ?????????? ??????? ???????? ?????????? ?????
?????????????????????????? ?????????????????????????????????????????????????????????
???????????????????????????????????????????????? ???????????????????????????? ?????
????? ???????? ??????? ???????? ??????? ??? ????????? ??????? ????? ??? ?????????????
??????????? ????????? ???? ????????? ???? ????????????? ??? ???????? ??????? ???????? ?????
????? ?????????? ??? ?? ????? ?????????? ??? ?????????? ???????? ????????? ??? ??????? ????? ???????
????? ???????????????????????????????????????????????????????
?????????????? ???????? ????? ?????? ????????? ??????????? ???? ?????????? ??????? ????
?????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????? ???????????????? ????????????????????
?????? ?????? ?????????????? ???? ?????? ????????? ??? ?????? ???? ??? ???? ??????? ?????? ????
?????????????? ?????????????????????????????????? ?????????????????????????????????????? ???
????????????????? ??????????????????????????????????????????????????????????? ???????????
????????? ??????? ???? ?????? ??????????? ???? ????? ????????? ???? ??? ?? ??????? ?? ??????????
???? ?????????????? ??????????? ??? ?????????????? ??????????? ??????? ?????????????
?????????????? ??? ?????? ???????? ????????? ????????? ??????????? ???? ???????? ???????????
?????????? ??? ???? ?????????????? ??????????? ???? ??? ????????? ????????? ????????? ????????????
????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????? ????????????????????????????????????????????????????????
???????? ??? ??????? ???? ???? ????????????? ??????????? ???? ???? ???????? ?????? ????????? ??
?????????? ???????????????? ??????? ????????? ??????? ??? ????????? ???????????????????????
???? ??? ?????????????? ???? ?????? ????????? ???????????? ?????? ?????????????? ????????? ???
?????? ??????? ??????????? ??????????? ??? ??????????????? ??? ????????????? ?????????????
????????????
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1.2? Objectives and Issues 
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?????????????????????????????????????????????????????
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? ???????? ?????????????????????????????????????????????????????????????????????
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1.3 Geologic Setting 
1.3.1 Indonesia 
???? ???????????? ??? ?????????? ????????? ??? ?????? ??????? ???????????? ?? ?????????
?????????? ??????? ???? ????? ?????????? ????? ???? ??????? ??? ???? ?????? ??????? ?????? ????
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???????????? ???????????? ??????????? ??? ?????????? ????????? ?? ???????? ??? ??? ????????
??????????????????????????? ?????????????????????????? ???????????????????????
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Figure 1. Map of Indonesian volcanoes. Yellow stars indicate the volcanoes used in this study (Sinabung and Kelut) 
(Topinka, USGS 1997). Image courtesy of the U.S. Geological Survey. See Appendix. 
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Chapter 2 Instrument and Principles 
2.1? HOTVOLC and Data Dissemination 
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????????????????????????????????????????????????? ??????? ??? ???????? ?????? ??
?? ???????? ??? ????????????????? ??? ????????? ????????? ???????????????????????????
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?????????? ??????????????????????? ????????????????????????????????????????????
??? ????? ???? ?????????????? ??? ?? ????????????????? ??????????? ?????? ???? ???????? ?????
????????????????????? ???? ?????????????????????????????? ???????????? ????????????????
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Figure 2. HOTVOLC webpage. Interactive webpage with real-time data on volcanic eruptions. Image courtesy of 
HVOS-OPGC. Permission for use of this image is granted by Dr. Mathieu Gouhier, the lead operator of the HOTVOLC 
system. See Appendix for official permission. See Appendix. 
18 
2.2? MTSAT-2 Description and Characteristics 
2.2.1? MTSAT-2 Satellite details 
Table 1. MTSAT-2 instrument details. Flown onboard Himawari-7 satellite. Data provided by Observing Systems 
Capability Analysis   and Review Tool (World Meteorological Organization (OSCAR) 2011-2015). 
?????????? ??????????????????????????????????????????????????????
?????????? ??????










2.2.2? MTSAT-2 Detailed characteristics 
Table 2. MTSAT-2 wavelength bands. Provided by Observing Systems Capability Analysis and Review Tool (World 
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???????? ??????????????? ??????? ???????
???????? ??????????????? ??????? ???????
???????? ??????????????? ??????? ???????
???????? ??????????????? ??????? ???????
2.3?OMI Description and Characteristics 
2.3.1 OMI Satellite Details 
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Table 3. OMI and Aura description. OMI flown onboard NASA’s Aura platform. Provided by Observing Systems 
Capability Analysis and Review Tool (World Meteorological Organization (OSCAR) 2011-2015). 





















2.3.2 OMI Detailed Characteristics 
Table 4. OMI wavelength bands. Provided by Observing Systems Capability Analysis and Review Tool (World 
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2.4? Fundamental principles of thermal “hot spot” detection 
???? ??????????????? ??? ??????????????? ???????? ??? ??????? ?????????? ??? ????
??????? ?????????? ???? ??????? ????????? ?????????? ???? ????????? ???????? ???????????
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?? ?????? ???? ?? ??? ???? ?????????? ???? ????????? ????????????? ?????? ???? ???????????
???????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????? ?????????????????????
Figure 3. A graph defining Planck’s Law. The radiance of an object increases with increasing temperature and 
decreasing wavelength (Wein´s Law). Earth emits radiation in IR around 300K. Peak thermal IR radiance 
emission around 4μm. Image by Darth Kule (Own work) [Public domain], via Wikimedia Commons under GNU 
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2.4.1 Principles of Infrared Remote Sensing for Single-Channel Radiance (4- 
μm) 
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????????????????????????????????????????????????????? ??? ?????? ???????? ???????? ???????
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2.4.2? Single-channel threshold algorithm 
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2.4.3 Normalized Thermal Index (NTI) 
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2.4.4? Sources of volcanic hot spots 
?????????????????????????????????????????????????????????????????????????????????
??? ???????????? ????? ?????????????? ?????????? ???????? ????????? ?????? ? ?????? ????? ?????
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2.5? Fundamental principles of ash detection 
2.5.1 Ash Properties 
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Figure 4. Plot displaying Mie scattering applied to the scattering of radiation by ash. The plot roughly displays 
scattering intensity per direction. From right to left: Rayleigh, intermediate, and full Mie scattering.  Ash 
can be detected by IR satellites in a narrow wavelength region (11 – 12 μm) and particle size (~1-30 μm). Image 
provided by Sharayanan under GNU Free Documentation License. See Appendix. 
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Figure 5??List of refractive indices for different silicate particles. Notice that each particle absorbs more energy in 
the 10.3 – 11.3 μm  region than the 11.5 – 12.5 μm region (Wen and Rose 1994). © John Wiley and 
Sons. Reproduced with permission.  All rights reserved. See Appendix. 
???????????????????? ??? ????????? ?????????? ???????????? ??? ???? ???????????? ??? ???????
????????? ????? ???? ???????????? ??????????????????????????????????????????????????????????
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?????????? ???????? ????????????? ??? ??????? ????????? ???? ???? ??????????????????????????????
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Figure 6. Images displaying the differing nature of the two particles using an illustration of a volcanic and 
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meteorological clouds (Rose et al. 2003).  © John Wiley and Sons. Reproduced with permission. All rights reserved. 
See Appendix. 














2.6? Fundamental Principles of SO2 Detection 
2.6.1 Principles of UV Remote Sensing of SO2 and other Trace Gases 
???? ???????????? ??? ?????????????? ??? ???? ??????????? ??? ??????????? ????? ????
?????????? ????? ???????????? ???????????? ????? ?????????? ???????? ??? ???? ????? ?????????????
????????? ?? ???????????? ???????? ??????? ???? ???? ???????? ????????????? ??????? ??? ?? ???????
????????????????????????????????????????????????????????????????????????????????????????
???? ??????? ??? ????? ????????????????? ???? ????? ??? ?????????????? ???? ????????? ??? ????
???????????????????????????????????????????????????????????????????????????
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Figure 7. Absorption cross-section for SO2 at wavelengths in the UV (Song et al. 2012). © IOP 
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??????????????????????????????????????????????????????????????????????????????
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Figure 8. Radiance contribution functions (C) for the wavelength regions pertinent for O3 and SO2 absorption (i.e. 
290 – 334 nm) as a function of altitude. The atmosphere is assumed to be cloud and aerosol-free (Yang et al. 2010). 
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2.6.1.1?SO2 versus O3 absorption in the UV 
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Figure 9. A comparison of ozone absorption coefficients with sulfur dioxide absorption coefficients in the longer-UV 
wavelengths (i.e. 300 – 320 nm). SO2 absorbs higher than O3 in the 310 nm range, making this wavelength 
channel best-suited for SO2 detection by OMI (McPeters and D.F. 1984). © John Wiley and Sons. Reproduced with 
permission. All rights reserved. See Appendix. 
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2.6.2 OMSO2 Algorithm and Its Applications 
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2.6.2.1?Errors Associated with the algorithm 
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Chapter 3 Thermal Anomaly Detection Case Studies: January 2014 Sinabung 
Eruption 
3.1? Identifying Thermally Anomalous Pixels and SO2
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Figure 10. Image processed in MATLAB displaying hot-spot detection at Sinabung volcano. Red triangle 
corresponds to geolocated   position of Sinabung. 
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Sinabung Hot Spot : 11/01/2014 
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3.2 Results for Single-channel Thermal Radiance 
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Table 5. Results for amount of images and pixels included in the data using single-channel thermal radiance for 
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Figure 11. Mount Sinabung volcano spews ash during an eruption, January 11, 2014. The figure is a MATLAB 









Figure 12. OMIplot processed SO2 image corresponding to the same explosion that produced the above thermal 
anomaly on January 11th. The overpass time for OMI was several hours (~5-6 hours) after the MTSAT-2 record of the 
initial thermal anomaly allowing for the sulfur dioxide cloud to disperse as shown in this image. 
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Figure 13. Mount Sinabung volcano spews hot, January 13, 2014. The figure is a MATLAB processed image of
Sinabung thermal anomaly (01/13/2011_2000 UTC). Nighttime image.   Low emitted radiance. 








anomaly on January 13th. The overpass time for OMI was several hours (~12-13 hours) prior to the MTSAT-2 









Figure 16. OMIplot processed SO2 image corresponding to the same explosion that produced the above thermal 
anomaly on January 16th. The overpass time for OMI was several hours (~2-3 hours) after to the MTSAT-2 record 
of the above thermal anomaly allowing for the cloud to migrate and disperse. The row anomaly is inhibiting 







Figure 15. . The Mount Sinabung eruption, January 16, 2014. The figure is a MATLAB processed image   of Sinabung 
thermal anomaly (01/16/2011_0300 UTC). Daytime Image. High emitted radiance. 
???




? ????????????????? ????????? ???? ???????? ?????????? ??? ???? ????? ??????? ??? ?????
?????????????????????????????????????????????????????????????????????????????????
????????????????????????? ?????? ???????? ?????? ?????? ???????????? ???? ??????




??????????? ???? ???????????? ??? ?? ??????????????????????? ????
? ???????? ??? ?? ???? ????????? ??? ???? ???????? ????? ???? ??????????? ????? ?????? ?
????????? ?????? ???????????? ?????? ??????????? ???? ??????? ????? ????????? ??? ?
???????? ????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????
???????? ???? ???? ??????? ??? ???????????? ???? ??????????? ??????? ???????????
???????? ????????? ??? ???? ????????? ?????
????????????????????????????????????????????????????
Figure 17. Time series plot for data using only single-channel thermal radiance for the eruption of Sinabung. A 
dotted line is used to define the base minimum detection limit (MDL) discovered using the MTSAT-2 data. As 
can be clearly seen, this MDL comes with many false alarms (blue  dots  above  dotted  line).  A definitive trend 
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Table 6. Table showing the major results obtained from the MTSAT-2 data of the Sinabung eruption. Notice that 

































3.2.1? Define minimum detection limit (MDL) 
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Table 7. Table displaying the results for differing minimum detection limits (MDLs) for the daytime only. 





















2.40E+05 149 80 69 0 46.31% 0.0%
4.00E+05 93 67 26 13 27.96% 16.25% 
4.50E+05 81 63 18 17 22.22% 21.25% 
??????????????????????????????????????????????????????????????????????????????





Figure 19. Thermal anomaly detection time series for nighttime only. All daytime (0200-1400 UTC) is 
zeroed. Each higher MDL corresponds to a lower false alarm rate, but there are a greater amount of true 
anomalies missed??
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Table 8. Table displaying the results for differing minimum detection limits (MDLs) for the nighttime only. 






















2.30E+05 68 61 7 0 10.29% 0.0% 
2.50E+05 60 57 3 4 5.0% 6.56% 
3.3 Results for Normalized Thermal Index (NTI) 


























Figure 20. Time series plot for data processed using NTI algorithm for the eruption of Sinabung. The units of the 
NTI are dimensionless and of a negative value. NTI is merely a “flagging” method to use as a way to confirm 
or deny a hot spot. The closer the NTI value gets to 0, the more intense the signal is. The same general 
trends (daytime/nighttime) are   prevalent here in this time series as compared with the Figure 19. 
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Table 10. Table showing the major results obtained from the MTSAT-2 data processed using NTI. Notice that each 
“average” is separated into daytime and nighttime values due to the trends observed in Figure 19. 
3.3.1? Define minimum threshold for NTI 
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34.16% False 
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44.17% False 
?????????? ???? ?????? ????? ???? ???? ?????????? ?????????? ??? ???? ??????? ???????





Figure 22. Thermal anomaly detection time series for daytime only. All nighttime (1500-0100 UTC) values are 
zeroed.   Each higher MDL corresponds to a lower false alarm rate, but there are a greater amount of true 
anomalies missed. 
Figure 21. Histogram  showing  the frequency of output values for individual pixels when analyzing thermal 
anomalies  utilizing the NTI  algorithm. The lowest  MDLs for day (-0.92) and night (-0.925) are plotted, which 
incorporate every true anomaly. 
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Table 11. Table displaying the results for differing minimum detection limits (MDLs) for the daytime only using 
NTI. 



























-0.92 163 91 72 0 44.17% 0.0% 
-0.86 115 79 36 12 31.30% 13.90% 
-0.84 70 59 11 17 15.71% 35.16% 
3.3.1.2 Nighttime 
7.69% False Alarm 
1.52% 
Figure 23. Thermal anomaly detection time series for nighttime only using NTI. All daytime (0200-1400 UTC) is 
zeroed. 
Table 12. Table displaying the results for differing minimum detection limits (MDLs) for the nighttime only using 
NTI. 






















- 78 72 6 0 7.69% 0.0% 
-0.92 66 65 1 7 1.52% 9.72% 
3.4? Results for OMI SO2 Sinabung Eruption 
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3.4.1 SO2 Mass Burden 
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Figure 24. Daily SO2 masses generated from the Sinabung eruption during January 11 – 20, 2014. Data generated 
using OMIplot. 
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3.4.2 SO2 Cloud Area 
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Figure 25. Areas of the SO2  clouds produced daily during the period of increased activity for Sinabung. Data 
acquired using OMIplot. 
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3.4.3 SO2 Concentration 
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Figure 26. SO2  concentrations for individual explosions at Sinabung during January 2014. Data obtained using 
OMIplot. 
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Figure 27. Column densities of SO2 for the Sinabung eruption in January 2014; Data processed using OMIplot. 
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3.5 Comparison of the Single-channel Thermal Radiance with 
the NTI Method 
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Figure 28. Comparison of Single-Channel and NTI methods for accurately detecting volcanic thermal anomalies. 
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Figure 29. Visual inspection of the Single-Channel and NTI methods in identifying thermal anomalies displays no 
marked difference. 
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3.6 Spatial Comparison Method 
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Figure 30. Sketch describing the spatial comparison method used as a second parameter to minimize false alarms. 
The (X) is the location of the volcanic vent. The DL is the pixel outside of the volcanic region with the largest 
radiance value. It will always be the pixel used for comparison with  the volcanic region. 
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Figure 31. (A) True anomaly verified through spatial comparison method. There are 2 pixels corresponding to 
a thermal anomaly in this image. The 2 pixels in the center of the image are all greater than every individual 
pixel surrounding them. (B) A false detection verified using the spatial comparison method. At least one or 
more of the original nine pixels near the “triangle” (Sinabung location) emitted radiance higher than the 
minimum threshold. The spatial comparison method is able to verify the false alarm. 
Table 13. Results using the spatial comparison method as a second parameter to the fixed threshold methods. 






























80 69 46.31% 0 0 0.0% 
NTI 91 72 44.17% 0 2 <1% 
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3.7 Processes and Interpretation 
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3.7.1 Single-channel Result Discussion 
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3.7.2 NTI Result Discussion 
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Chapter 4 Volcanic Ash and SO2  Case Studies: February 2014 Kelut Eruption 
4.1? Identifying Volcanic Clouds 
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4.2 Scientific Findings for Ash and SO2 in Volcanic Clouds Using 
Satellite Data 
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4.3? Volcanology of the Kelut Eruption 
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Table 14. Table explaining some of the eruption statistics from the February 13, 2014 Kelut eruption in Indonesia. 
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4.3.1 Kelut SO2 Plume Evolution 
????????????????????????????????????????????????????????????????????????????????
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Figure 32. First OMI SO2 column density image of the Kelut plume on February 14, 2014. OMIPLOT 
software was used to generate this image. The overpass time of the Aura platform was between 0500 and 
0818 UTC. 
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Figure 33. Second OMI image of the Kelut SO2 eruption plume recorded on February 15, 2014. The 
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Figure 34. Third OMI SO2 image recorded between 0439 and 0946 on February 16, 2014. 
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Figure 35. OMI SOs image of the Kelut plume on February 25,, 2014 (12 days after the eruption) acquired 
between 0122 and 1604 UTC. 
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4.4 Results for Kelut Ash Plume Parameters 
4.4.1 Area and Maximum BTD 
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Figure 36. (A) The evolution of the area with time for the February 2014 Kelut ash cloud. Notice the steep incline in 
the area followed by a subsequent plateau between 2300 UTC on Feb. 13 and 0600 UTC on the 14th. (B) Graph 
representing the maximum BTD value for an individual pixel in the Kelut ash plume. Each value corresponds to a 
single image taken every hour from the start of the eruption. Presented in absolute value. 
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4.4.2? Area Ash vs. Water 
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Figure 37. Area of ash versus the area of water/ice evolving progressively with time in the Kelut volcanic 
cloud. 
4.4.3? Concentration 
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Figure 38. Graph of ash BTD/km2 versus water/ice BTD/km2. 
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Figure 39. Three consecutive images (0200, 0300, 0400 UTC) showing the reflected radiance values in the 4-μm 
wavelength region for the migrating Kelut ash cloud. All three radiance scales are equivalent (E10+5). The only 
difference in the images are the times that they were recorded. MATLAB processed MTSAT-2 images. 
?????????????????????????????????????????????????????????????????????????????????
???????????????????? ??? ????????????? ????????????????? ??? ??????????? ???? ??? ???? ?????????
??????? ???? ???? ????? ???? ???? ?????? ???????? ???? ????? ??? ????????? ?????????? ????? ???????
?????????????????????????????????????????????????????????????? ?????????????? ???????




4.4.4 Summation of BTD 
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Figure 40. The evolution of the sum of (-) BTD values with time for the Kelut eruptive cloud. The numbers displayed 
are absolute values. The maximum sum of BTD during this  Kelut  eruption  occurred  between  the  maximum 
area and concentration of ash at 0200 UTC. Just as stated in Section 4.4.3 regarding the Mie scattering expression, 
the diameter of the ash particles greatly affect the magnitude of the BTD values. Therefore, the sum of BTD values 
can be regarded as the maximum diameter of the ash constituents. 
4.5 Results for Kelut SO2 Cloud Parameters 
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4.5.1 SO2 Mass Burden 
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Figure 41. The evolution of the sulfur dioxide in the Kelut eruptive plume from January 14-27, 2014. Data processed 
using OMIplot. 




4.5.2 SO2 Cloud Area 
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Figure 42. The sulfur dioxide plume area time-series for the February 13, 2014 eruption of Kelut. Data processed 
using OMIplot. 
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4.5.3 SO2 Plume Concentration 
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Figure 43. Time series of the evolution of the sulfur dioxide concentrations in the Kelut eruption plume. Data 
processed using OMIplot. 
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4.5.4 Max and Mean SO2 Column Densities 
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Figure 44. Time series of the maximum and mean column densities for SO2 in the Kelut eruption. Data processed using 














































Mean STL Column Density 
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4.5.5 SO2 Removal and Dilution Rates (i.e. Mass and Concentration) 
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Figure 45. Time series of the daily removal rates for the SO2 mass in the Kelut eruptive plume. Data processed with 
OMIplot. 








































Figure 46. Time series of the daily dilution rates for the SO2 concentrations in the Kelut plume. Data processed using 
OMIplot. 
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4.6? Plume Height 
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Figure 47. Profile of the evolution of the ash plume height from the Kelut eruption determined using the CTT method. 
Error bars of 0.5 km are associated with the 11 μm brightness temperature. The error bars are calculated based on 
(Hamada and Nishi 2010) utilizing brightness temperatures of the pixels. Any brightness temp. below ~240K has an 




Figure 48. Atmospheric profile of the conditions indicative of the tropical region near Kelut volcano recorded on 
February 14, 2014 at 0000 UTC. X-axis is temperature in °C. Y-axis is altitude in meters. Image obtained from 
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Figure 49. HYSPLIT Trajectory Model  obtained from NOAA for the Kelut ash plume on February 13, 2014. The use 
of these results obtained from the online version of HYSPLIT requires the citations of [(Draxler and Rolph 2015); 
(Rolph 2015)]. 
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Figure 50. CALIPSO LiDAR image of Kelut ash plume taken from NASA’s CALIOP instrument at 18:11 UTC on 
February 13, 2014. “Red circle” indicates location of ash plume. While the major cloud attenuation occurred ~18 
km, portions of the cloud can be seen ejected to ~26 km. Image courtesy of NASA (NASA 2014). See Appendix for 




Figure 51. An MTSAT-2 image of the Kelut eruption taken at 1800 UTC. The red circle encompasses the warm cluster 
of pixels near the vent whose brightness temperatures  correspond to a height of 26 km. 
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4.7 Processes and Interpretation 
4.7.1 Maximum BTD Interpretation 
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Figure 53. MTSAT-2 processed image from 0000 UTC of the Kelut ash cloud tracking. The magnitudes of the BTD 
values are very  high, as the cloud detaches from the vent. 
??????????????????????????????????????????????????????????????????????? ??????????
Separation from vent 
Kelut Ash Plume: 14/2/2014 0000 UTC 
BTD 
Masked Detection by Ice/Ash Aggregates 
Kelut Ash Plume: 13/2/2014 1900 UTC 
BTD 
Figure 52. MATLAB processed image of early stage in cloud migration. Ash particles masked by ice/ash aggregate 
formation. 
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4.7.2 Principles of Ash Aggregation/Sedimentation 
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4.7.3 Area/Concentration of Ash 
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4.7.4 Secondary Zone of Aggregation 
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Figure 54. Conceptual model depicting the processes involved for the secondary zone of aggregation proposed for the 
Kelut eruption cloud on February 14, 2014. Several remote sensing techniques were used to provide the conclusion. 
Model adapted from (Durant et al. 2009). 
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4.7.5 Discussion of Kelut SO2 Cloud 
4.7.5.1 SO2 Mass Discussion 
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Figure 55. Image displaying the “trail” of SO2  produced by the Kelut eruption and migrating according to wind 
patterns. 
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Chapter 5 General Conclusions 
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